
INTRODUCTION

Autoimmune uveitis in humans is the leading cause of visual 
disorders encompassing chronic inflammatory conditions and 
is considered a vision-threatening disease [1]. Similar to other 
autoimmune diseases, such as autoimmune encephalomyelitis [2], 
autoimmune myocarditis [3], and autoimmune neuritis [4], ex-
perimental autoimmune uveitis (EAU), which is an animal model 
of human autoimmune uveitis, is a T cell-mediated disease [5]. 
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Experimental autoimmune uveitis (EAU) is an animal model of human autoimmune uveitis that is characterized by the infiltration of autoimmune 
T cells with concurrent increases in pro-inflammatory cytokines and reactive oxygen species. This study aimed to assess whether betaine regulates 
the progression of EAU in Lewis rats. EAU was induced via immunization with the interphotoreceptor retinoid-binding protein (IRBP) and oral 
administration of either a vehicle or betaine (100 mg/kg) for 9 consecutive days. Spleens, blood, and retinas were sampled from the experimental 
rats at the time of sacrifice and used for the T cell proliferation assay, serological analysis, real-time polymerase chain reaction, and immunohisto-
chemistry. The T cell proliferation assay revealed that betaine had little effect on the proliferation of splenic T cells against the IRBP antigen in an 
in vitro assay on day 9 post-immunization. The serological analysis showed that the level of serum superoxide dismutase increased in the betaine-
treated group compared with that in the vehicle-treated group. The anti-inflammatory effect of betaine was confirmed by the downregulation of 
pro-inflammation-related molecules, including vascular cell adhesion molecule 1 and interleukin-1β in the retinas of rats with EAU. The histopath-
ological findings agreed with those of ionized calcium-binding adaptor molecule 1 immunohistochemistry, further verifying that inflammation 
in the retina and ciliary bodies was significantly suppressed in the betaine-treated group compared with the vehicle-treated group. Results of the 
present study suggest that betaine is involved in mitigating EAU through anti-oxidation and anti-inflammatory activities.
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The homing of autoreactive T cells and infiltration of inflamma-
tory cells, such as monocytes, trigger uveitis and retinitis in EAU 
[6]. The retina is damaged from inflammation with the activation 
of glial cells that undergoes oxidative stress [7].

Betaine, also called trimethylglycine (C5H11NO2), is an alkaloid 
and nontoxic natural substance from Fructus lycii, and a repre-
sentative antioxidant substance [8]. Betaine improves age-related 
inflammation in rats through nuclear factor-κB involvement via 
nuclear factor-inducing kinase/I kappa B kinase and mitogen-ac-
tivated protein kinases [9], human cardiovascular disease by sup-
pressing inflammatory cytokines, including interleukin (IL)-6 and 
tumor necrosis factor-α (TNF-α) [10], and dextran sulfate sodium-
induced colon tumorigenesis [11]. In addition, betaine prevented 
pathological angiogenesis/neovascularization in rats with diabetic 
retinitis [12] and protected retinal ganglion cells to increase visual 
acuity in an animal model of glaucoma [13]. However, there is little 
known about the precise mechanisms underlying the effects of 
betaine in uveitis.

In this study, the efficacy of betaine in relieving EAU was evalu-
ated. We investigated the anti-inflammatory effect of betaine in 
EAU based on histopathological examination and cytokine mea-
surements. Furthermore, the specific mechanism of betaine as an 
antioxidant was assessed in rats with EAU. 

MATERIALS AND METHODS

Animals

Both sexes of Lewis rats (7~9 weeks old; Orient Bio Inc., Gyeong-
gi-do, Korea) were housed in our facility under laboratory condi-
tions (12-h light/dark cycle, temperature 23±2℃). All experimen-

tal procedures were performed following the Guidelines for the 
Care and Use of Laboratory Animals of Jeju National University 
(permission number: 2020-0012). All animal protocols conformed 
to international laws and NIH policies, including the Care and Use 
of Laboratory Animals (NIH publication no. 85-23, 1985, revised 
1996).

Induction of EAU

The rats were immunized with 200 µl of a mixed emulsion 
composed of an equal volume of bovine interphotoreceptor 
retinoid-binding protein (IRBP) (1 mg/ml; PTARSVGAADGSS-
WEGVGVVPDV, Komabiotech, Seoul, Republic of Korea) and 
Freund’s complete adjuvant (CFA) supplemented with 1 mg/mL 
Mycobacterium tuberculosis H37Ra (Difco Laboratories Inc., De-
troit, MI, USA) on the footpads of their hind limbs.

Experimental groups

To assess the effects of betaine (Fig. 1A) on EAU, four experimen-
tal groups were designated as follows: normal control (n=8); CFA 
control (n=8); EAU+Vehicle (n=8); and EAU+Betaine (n=8). The 
dose in the treatment to test the therapeutic effect of betaine (100 
mg/kg body weight/day, B2629, Sigma-Aldrich, St. Louis, MO, 
USA) was selected based on a previous study [14]. The rats were 
orally treated 9 with betaine from day 0 post-immunization until 
day 9 post-immunization. 

Tissue preparation

The rats were sacrificed under deep anesthesia via CO2 gas inha-
lation on day 9 post-immunization. The tissues for the histopatho-
logical examination were embedded in paraffin wax and sectioned 
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Fig. 1. Chemical structure and effects of betaine on the interphotoreceptor retinoid-binding protein (IRBP)-reactive T cell response. (A) The chemical 
structure of betaine (Formula: (CH3)3N+CH2COO-). (B) Potential inhibitory effects on the T cell proliferative response to the antigen (IRBP) were evalu-
ated in triplicate wells for each experiment (n=5). Betaine did not affect immunomodulation.
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with a microtome (RM 2135; Leica, Nussloch, Germany) to a 
thickness of 5 μm and stained with hematoxylin and eosin. Blood 
and retinas were stored at -80℃ for the serum analysis and real-
time polymerase chain reaction (PCR) analysis.

T cell proliferation assay

Spleen mononuclear cells from the animals in each group were 
dissociated and suspended as described in our previous study [15]. 
Then, 10 μg/ml IRBP (final concentration) was added to the wells. 
After 48 h of stimulation with IRBP, the cells were incubated in 1 
μCi of 3H-methylthymidine (specific activity 42 Ci/mmol; Am-
ersham, Arlington Heights, IL, USA) for 18 h. Then, the cells were 
harvested to measure thymidine incorporation.

Serological analysis

The rats were sacrificed on the sampling date, and blood was 
collected through the heart. Whole-blood samples were separated 
into serum and blood cells using a centrifuge (VS-5500CFN; 
Vision Scientific, Daejeon, Republic of Korea). Superoxide dis-
mutase (SOD) activity in the serum was evaluated using a SOD kit 
(ab65354; Abcam, Cambridge, UK).

Immunohistochemistry

Immunohistochemistry was performed using the same protocol 
as that described in our previous study [16]. The primary antibod-
ies including ionized calcium-binding adapter molecule1 (Iba1) 
(1:1,000; 019-19741, Wako Pure Chemical Industries, Ltd., Osaka, 
Japan), CD68 (ED1; 1:800; MCA341, Serotec, Kidlington, UK), 
and glutamine synthetase (GS) (1:5,000; MAB302, Chemicon In-
ternational, Temecula, CA, USA) were used as marker for microg-
lia, macrophage and Mȕller cell, respectively.

Real-time PCR

Total RNA in the eyeballs in all groups (n=5 per group) was 
isolated with TRIzol RNA Isolation Reagent (Life Technologies, 
Thermo Fisher Scientific, Carlsbad, CA, USA), and cDNA was 
prepared using CellScriptTM All-in-One 5X First Standard cDNA 
Synthesis Master Mix (CellSafe, Gyeonggi-do, Republic of Korea). 
The primer information is listed in Table 1. PCR was performed 
with a MIC cycler (BMS, Queensland, Australia) using 2× SYBR 
Green (PhileKorea, Seoul, Republic of Korea) and the following 
program: 55 cycles of denaturation (5 s, 95℃), annealing (20 s, 
60℃), and extension (10 s, 72℃).

Western blot analysis

Western blot analysis was performed by the same protocol as 
that described in our previous study [16]. The primary antibodies 
including Kelch-like ECH-associated protein 1 (Keap1) (1:1,000; 
ab119403, abcam, MA, USA), and Nuclear factor erythroid-2-re-
lated factor 2 (Nrf2) (1:1,000; sc-722, Santa cruz, CA, USA).

Statistical analysis

All measurements are reported as the average of three indepen-
dent experiments. All values are presented as the mean±standard 
error of the mean (SEM). The results were analyzed using one-
way analysis of variance followed by the Student–Newman–
Keuls post-hoc test for multiple comparisons. A p-value <0.05 was 
considered to indicate significance. Immunostaining was analyzed 
semi-quantitatively based on the positive areas in the photographs 
using ImageJ software (National Institutes of Health, Bethesda, 
MD, USA). EAU was histopathologically evaluated using a meth-
od modified from a previous study [17]. Antibody-positive areas 
were measured as follows: (1) three different sections from each 

Table 1. Primer characteristics for real-time polymerase chain reaction

Primer Forward sequence Reverse sequence

IL-1β CCC TGC AGC TGG AGA GTG TGG TGT GCT CTG CTT GAG AGG TGC
TNF-α CGT CGT AGC AAA CCA CCA AG CAC AGA GCA ATG ACT CCA AA
iNOS CAG CGC ATA CCA CTT CAG C ACC ATC GAG CAT CCC AAG
COX-2 CGG AGG AGA AGT GGG GTT TA TGG GAG GCA CTT GCG TTG AT
CAT CCA CGA GGG TCA CGA ACT GT CTC CTA TTG CCG TCC GAT TC
SOD1 GGC CAC ACC GTC CTT TCG CGG TCC AGC GGA TGA AGA
SOD2 TAA GCG TGC TCC CAC ACA TC ATC AGG ACC CAC TGC AAG GA
SOD3 TGC AGA CTG CGT GCA TCT C GCG ACA CGC ACT CCA AAG A
GAPDH GGG GGC TCT CTG CTC CTC CC CGG CCA AAT CCG TTC ACA CCG

Primer Catalog No. Manufacture

Serpina3n qRnoCID0005765 Bio-rad, CA, USA
VCAM1 qRnoCID0005077 Bio-rad, CA, USA

IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-alpha; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; CAT, catalase; SOD, super-
oxide dismutase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; VCAM1, vascular cell adhesion molecule 1.
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rat (n=3 animals per group) were used; then, (2) the percentage of 
the stained area [(positive area/total area)×100 (%)] was calculated. 
The total area included all layers of the retina. These results are 
presented as the mean±SEM.

RESULTS

Betaine had no immunomodulatory function in EAU

The T cell proliferation assay was performed to determine 
whether betaine affected the proliferation of IRBP-specific T cells 
(Fig. 1B). No significant changes were observed between the EAU-
induced groups in medium only and those that were IRBP-stim-
ulated (medium only, p>0.05 vs. EAU+Vehicle; IRBP stimulation, 
p>0.05 vs. EAU+Vehicle). These data indicate that betaine was not 
involved with IRBP-specific T cells or their auto-reactivity. 

Betaine upregulated serum SOD level in EAU

We evaluated oxidative damage in the serum, using SOD as a 
marker of oxidative modification. No significant difference was 
observed between the normal and CFA groups. SOD activity 
decreased significantly in the EAU+Vehicle group, compared to 
levels in the normal control and CFA groups. Betaine treatment 
significantly restored the level of SOD activity to that of the nor-
mal control and CFA groups (Fig. 2). This result indicates that the 
betaine treatment suppressed oxidative stress in rats with EAU.

Betaine reduced the infiltration of Iba1-positive cells in the 

ciliary bodies and retinas of EAU-induced rats

The ciliary body is the main inflammatory cell infiltration site 
because of the abundance of blood vessels [18]. Only a few round-
type cells were detected in the ciliary bodies in the normal and 
CFA groups (Fig. 3A, 3B), whereas the infiltration of some round-
type cells was confirmed in the EAU-induced groups (arrows in 
Fig. 3C, 3D). The normal (Fig. 3E) and CFA (Fig. 3F) groups con-
sistently displayed similar results to those observed for Iba1 im-
munoreactivity. Iba1-positive immunoreactivity increased in the 
EAU+Vehicle and EAU+Betaine groups (arrowheads in Fig. 3G, 
3H). However, the number of Iba1-positive cells decreased signifi-
cantly in the EAU+Betaine group compared to the EAU+Vehicle 
group (Fig. 3I). We also analyzed the localization of ED1 as a 
further approach to evaluate the precise location of inflamma-
tory cell infiltration in the ciliary body. ED1-positive cells were 
rarely detected in the normal (Fig. 3G) and CFA (Fig. 3K) groups. 
By contrast, numerous ED1-positive cells were detected in the 
EAU+Vehicle and EAU+Betaine groups (double arrowheads in 
Fig. 3L, 3M). A semi-quantitative analysis of the number of ED1-
positive cells confirmed that the betaine treatment suppressed the 
infiltration of inflammatory cells in the ciliary bodies of EAU-
induced rats.

Next, we investigated histopathological changes in the retina (Fig. 
4). A few inflammatory cells were detected in retinas with EAU, 
but not in normal and CFA rat retinas (Fig. 4A~4D). The lesions 
were scored histopathologically according to the severity of EAU 
[17], revealing relief of retinal inflammation (Fig. 4E). Microglial 
and Mȕller cell activation indicating retinal inflammation was 
confirmed based on Iba1 (Fig. 4F~4I) and GS immunoreactivity 
(Fig. 4K~4N), respectively. The localization of Iba1 in microglia 
was very rare in the normal and CFA groups (arrowheads in Fig. 
4F, 4G, respectively). The activation of microglia was inhibited in 
EAU rats (arrowheads in Fig. 4H) by the betaine treatment (Fig. 4I, 
4J). The GS-positive immunoreactivity result was similar to that 
of Iba1 in the retina (Fig. 4K~4N). Activated Mȕller cells in the 
EAU+Vehicle group had lower GS-immunoreactivity levels (Fig. 
4O).

Betaine suppressed adhesion molecule and  

pro-inflammatory mediators in EAU

Next, we examined adhesion molecule expression using real-
time PCR (Fig. 5A). A sharp decrease in the vascular cell adhesion 
molecule 1 (VCAM1) mRNA level in the EAU+Betaine group 
was observed (p<0.05 vs. EAU+Vehicle). The mRNA levels of 
Serpina3n, interleukin-1β (IL-1β), tumor necrosis factor-alpha 
(TNF-α), inducible nitric oxide synthase (iNOS) and cyclooxygen-
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ase-2 (COX-2) as pro-inflammatory mediators, were assessed to 
confirm the inflammatory condition (Fig. 5B). The mRNA levels 
of Serpina3n, IL-1β, TNF-α, COX-2 were significantly downregu-
lated in the EAU+Betaine group compared with that of vehicle-
treated EAU group (Fig. 5B). These results indicate that the betaine 
treatment suppressed the upregulation of pro-inflammatory me-
diators.

Betaine upregulated the antioxidant enzymes catalase 

(CAT) and SOD in EAU

The study of oxidative damage levels in the serum prompted us 

to investigate the antioxidant response status of antioxidant en-
zymes, including CAT, SOD1, SOD2 and SOD3 (Fig. 5C). We ob-
served significantly upregulated expression levels of CAT, SOD1, 
SOD2 and SOD3 in the eyeballs of the EAU+Betaine group com-
pared with the EAU+Vehicle group.

Betaine activated the Keap1-Nrf2 pathway 

To support the anti-oxidative effect of betaine, the Keap1-
Nrf2 pathway was examined (Fig. 6). The protein levels of Keap1 
(0.75±0.05 fold changes, p<0.05, Fig. 6A) and Nrf2 (0.79±0.04 fold 
changes, p<0.05, Fig. 6B) in EAU+Vehicle group were suppressed 
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compared with the normal control. On the other hand, the Keap1 
and Nrf2 showed either 1.46±0.00 fold changes or 1.13±0.34 fold 
changes than those of EAU+Vehicle group (p<0.01 and p<0.001, 
respectively).

DISCUSSION

This is the first study reporting that betaine mitigates the pro-
gression of EAU pathogenesis through anti-inflammatory and 
anti-oxidant effects, but not by suppressing T cell proliferation 
(Schematic illustration in Fig. 7).

The regulatory effect of betaine in autoimmune diseases as evi-
denced using EAU, a prototype of autoimmune disease, is thought 
to be due to the reduction of oxidative stress and pro-inflammato-
ry mediators, but not T cell proliferation, by betaine [19]. Similarly, 
the present study revealed that betaine had little effect on T cell 
proliferation and the cytokine profile in the culture supernatant in 
an EAU model, suggesting that betaine does not influence the im-
mune response of proliferation of autoimmune T cells in EAU.

The uvea is a target organ in EAU. The uvea and retina are im-

munologically isolated organs without lymphatics [20]. The au-
toimmune T cells in EAU are invaded via a branch of the ciliary 
and ophthalmic arteries [21]. Oxidative stress is a critical signaling 
to the progression of inflammatory response and the increased 
reactive oxygen species causes endothelial dysfunction and tissue 
injury [22]. The disturbed endothelial cells are lead to promotion 
of passage of inflammatory cells and inflammatory molecules 
[22]. Inflammatory mediators and cells in the uvea are triggered 
to the retinal pigment epithelial cells, which disturb the junctions 
between rod and cone cells and pigmented epithelial cells, lead-
ing to a detached retina [23]. The ciliary body is an entry site for 
ocular inflammation. Typical retinal inflammation is involved in 
the activation of resident microglia and the infiltration of inflam-
matory cells because of the breakdown of the blood-retina barrier 
[24]. Under the neuropathological conditions, including brain 
tumors [25], axotomy [26] and virus infection [27], the activated 
macrophages and microglia was distinguished by Iba1. In addi-
tion, activated resident microglia are involved in the pathological 
changes occurring in retinal degenerative diseases and release 
inflammatory mediators that exacerbate the disease process [28]. 

Fig. 7. Schematic illustration of the anti-inflammatory and anti-oxidant effects of betaine in EAU-induced rats. EAU was initiated by T cell prolifera-
tion induced by IRBP recognition. The IRBP-induced T cells circulated through the vessels and homed in on the eye as a target organ. The infiltration 
of Iba1-and ED1-positive macrophages was detected in the ciliary body. Inflammatory cell infiltration decreased in the betaine-treated group. Betaine 
treatment led to the downregulation of the levels of VCAM1, Serpina3n, IL-1β, TNF-α, COX-2, Iba1 and GS and upregulation of CAT, SOD1, SOD2 and 
SOD3. Moreover, betaine treatment restored the blood SOD concentrations.
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These results suggest that betaine exerts anti-inflammatory effects 
in the uvea and ciliary body, the main targets of EAU, and may 
reduce oxidative stress in the serum. However, the precise mecha-
nism remains to be studied.

Activated microglia are the main source of pro-inflammatory 
cytokines under retinal degenerative conditions [29]. Pro-inflam-
matory cytokines, including ILs and TNF, are strongly associated 
with ocular inflammation [30] and retinitis [6, 29]. Besides the 
microglia, Mȕller cells are activated under all pathological events 
that occur in the retina [31]. Activated Mȕller cells are involved 
in the neuroinflammatory effect in the retina by synthesizing and 
releasing inflammation-related molecules [31]. We postulate that 
betaine mitigates the inflammatory response in EAU-induced rats 
by suppressing the activation of microglia and Mȕller cells.

The upregulation of VCAM1 is highly involved in the infiltration 
of inflammatory cells [32]. VCAM1 is expedited to CD4 T lym-
phocytes through cross-talk with late antigen-4 [33]. In addition, 
Serpina3n, an enzyme that initiates inflammation [34], has been 
detected in Mȕller cells, astrocytes and retinal pigment epithelia 
of light-damaged retinas [35] and has significantly variable levels 
in the Nrl-/- mouse retina with impaired cone cells [36]. Serpina3n 
is increased in EAU rats with severe retinal inflammation but de-
creased significantly in the betaine-treated EAU group. A similar 
finding has been reported for schizophrenia with neuroinflam-
mation [34], as murine Serpina3n is an orthologue of human 
Serpina3 [37]. Furthermore, an increase in IL-1β was observed in 
high fructose-induced retinal injury [38]. We postulate that the 
anti-inflammatory effect of betaine is associated with the down-
regulation of VCAM1, Serpina3n and IL-1β in EAU-induced rats.

The Keap1-Nrf2 pathway is used to monitor the oxidative stress 
[39]. The betaine had known for an anti-oxidant molecule, which 
was associated with Keap1-Nrf2 pathway in acetaminophen in-
duced acute liver injury model [40]. Additionally, the hepatic gene 
expression profiling was performed after the 3H-1,2-dithiole-
3-thione treatment, having the roles of enhancing the detoxifica-
tion of carcinogens and protecting against neoplasia [41]. The 
result of this profiling was revealed that the Keap1-Nrf2 regulated 
nrf2-dependent 3H-1,2-dithiole-3-thione-inducible gene, includ-
ing AF033381, as betaine homocysteine methyl transferase, was 
increased and involved to the detoxification and anti-oxidation 
[41]. The inflammatory response in EAU was induced by infiltra-
tion of inflammatory cells, such as T cell and macrophages [42], 
and production of oxidative stress, especially in photoreceptor 
mitochondria of early stage [43]. According to these results, the be-
taine treatment was a candidate to relieve the EAU-induced tissue 
damage by modulation of Keap1-Nrf2 pathway, as a key pathway 
to regulation of oxidative stress. 

The antioxidant effect of betaine has been widely evaluated in 
radical-induced injury models [44]. In the levodopa-induced 
oxidative-damage brain, betaine was enhanced to the levels of 
CAT and SOD, which are representative antioxidant enzymes [44]. 
SOD1, SOD2 and SOD3 are activated by different mechanisms 
and are localized in the cytoplasm, mitochondria, and extracellular 
matrix, respectively [45]. Betaine, as an anti-oxidative molecule, is 
involved in reducing of the oxidative damage [46]. The reduced 
oxidative stress was extended to resolving the inflammation, indi-
cated by Iba1-positive macrophages/microglia in many diseases, 
including Alzheimer’s disease, Parkinson disease and multiple scle-
rosis [47]. The betaine treatment was upregulated to the mRNA 
levels of oxidative stress marker, compared with those in the 
EAU+Vehicle group. This result implies that the betaine treatment 
reduced oxidative stress in the circulatory system without interfer-
ing with T cell proliferation in the immune organs of the rat EAU 
model.

Collectively, the present study suggests that betaine can mitigate 
inflammation in the retinas and ciliary bodies of EAU-induced 
rats, possibly through anti-oxidation and anti-inflammation 
mechanisms.
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